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STUDIES ON THE PATHOGENESIS OF VASCULAR DISEASE
The Effect of a Short-Term, Cholesterol-Rich Diet on Inflammatory
Lesions of the Coronary Arteries of Dogs* *
The intravenous injection of allylamine has proved to be a convenient
method for the selective production of focal inflammatory changes of the
coronary arteries in dogs.' The changes may vary from simple edema of the
vTessel wall to segmental necrosis of the media with abundant cellular
exudate. In animals on a control, low-fat laboratory diet the more severe
lesions run their course in a few weeks, progressing through a stage of pro-
liferative endarteritis to intimal and medial scar. Deposition or retention of
stainable lipids in the thickened intima is not a part of these experimental
arterial lesions. Previous reports2'8 have indicated that the basic arterial
changes which follow allylamine administration may be altered by the con-
comitant injection into the blood of emulsions of egg-yolk lipids or of solu-
tions of lipoglobulins of human plasma. In these circumstances the vessels
retain lipids selectively at the sites of injury and develop fatty granulomas,
which reproduce certain of the morphologic features of arteriosclerosis in
man. The present investigation is an extension of this work. The changes
occurring in the basic allylamine lesions that follow the feeding of a short-
term, high-fat, high-cholesterol diet are compared with those that follow the
feeding of the same high-fat diet without added cholesterol. A preliminary
note of some of these findings has been published.!
MATERIALS AND METHODS
The general plan of the experiment was as follows: dogs were kept on the
experimental fatty diets for two to three weeks, during which period levels of their
blood lipids were followed. They were then given a three-day course of allylamine by
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intravenous injection. The diets were continued for two to four weeks after the
course of allylamine, and the blood lipid levels were again followed. Four to seven
weeks from the beginning of the experiment, the animals were sacrificed and histo-
logical examination of their cardiovascular systems was carried out.
Twenty-six healthy mongrel dogs of various ages were utilized. Their weights
varied from 8 to 12 kilograms. Of these, eleven were fed a control high-fat ration
consisting daily of 100 g. of olive oil mixed with 250 g. of cooked horsemeat (fat
6 per cent, protein 15 per cent, cholesterol 0.07 per cent of wet weight). Fifteen dogs
received the same ration daily except that a large quantity, 30 g., of crystalline
cholesterol was dissolved in 100 g. of hot olive oil before mixing the oil with each
meat ration. The feeding of cholesterol in this dose range results in a rapid rise in the
serum cholesterol. Quantities of food consumed were comparable in the cholesterol-in-
oil-fed group and in the oil-fed group. Two animals in the oil-fed group and four in
the cholesterol-in-oil-fed group either would not eat the diet or succumbed following
the injections of allylamine. Thus the results that follow are based on a comparative
study of the lesions of nine dogs in the control oil-fed group and of eleven animals
in the cholesterol-in-oil group.
Allylamine, neutralized by the addition of dilute hydrochloric acid to pH 7.4 was
given intravenously as a one per cent aqueous solution.' Doses of 15-20 mg./kg. were
administered daily for three days.
Blood lipid determinations were carried out by the following methods: cholesterol
and cholesterol esters-modified Schoenheimer-Sperry5; lipid phosphorus-a modified
Youngburg procedure8; fatty acids-a modified Stoddard and Drury technique.' Serum
proteins were estimated by the usual micro-Kjeldahl digestion and steam distillation
of the ammonia formed.
Cholesterol feeding was found to be associated with an increase, in the chylomicron-
free serum, of a lipid-rich material, rend-ered insoluble by drying of the parent serum.
Therefore, samples of the dogs' sera, after reserving a portion for lipid analysis, were
dried from the liquid state in vitro under vacuum at 40 C. Reconstituted to volume
with distilled water, insoluble lipid-rich materials were centrifuged off, and the
percentages of lipids removed were determined by comparing lipid levels in the sera
before and after the procedure. Also lipid and nitrogen analyses were carried out on
a number of samples of the denatured material.
Frozen and paraffin sections of heart, blood vessels and major organs were examined
histologically, employing sudan IV stains for lipids, and the usual hematoxylin and
eosin and Masson trichrome techniques for survey purposes. Schultz's reaction for
tissue steroids was employed on frozen sections where appropriate.
EXPERIMENTAL OBSERVATIONS
Cardiovascular lesions in allylamiiine-treated animals fed a
high-fat, high-cholesterol diet
Numerous severe lesions of the coronary arteries occurred in nine of the
eleven dogs in the cholesterol-in-oil-fed group. In the two other animals
an occasional lesion was present. The lesions consisted of segmental zones of
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medial necrosis, with various stages of proliferative endarteritis. Medial and
subendothelial hemorrhages were prominent in some. Fibrin was often
present in the earlier lesions in the subendothelial space, but occlusive
thrombi were not encountered in the vessels of these eleven animals. It will
be recognized that the changes described are those known to follow the
intravenous administration of allylamine in dogs.' The lesions differed in
one important respect. They all contained large quantities of stainable lipids.
There were massive deposits of both intra- and extra-cellular sudanophilic
material in the arterial media or intima, wherever inflammatory lesions
occurred (Fig. 1). None was found in intact segments of the vessels. Lipo-
phagocytosis was marked, and in eight animals subendothelial foam-cellular
granulomas were present (Figs. 3 and 5). In the earlier lesions, scattered
foam-cells were easily identifiable in the media or in the subendothelial
space. Schultz tests for steroids were positive in many of the lesions, particu-
larly in those in which the deposit of lipid was massive and in which foam-
cell granulomata had formed. Study of the lesions suggested that during the
organization of the inflammatory process in the subendothelial space the
cellular elements of the connective tissue, both monocytes and fibroblasts,
were progressively converted into foam-cellular lipophages. Many stages of
this fatty transformation could be observed, including in some older lesions,
regression, or partial loss of lipid from the phagocytic cells.
Although no occlusive thrombi were observed in the cholesterol-in-oil
series in spite of the multiplicity and severity of the lesions of the coronary
arteries, there were focal necroses in the myocardium. These were small in
volume and were scattered through the right and left ventricles. In older
lesions where necrotic muscle was being replaced by scar, it was observed
that fibroblasts exhibited a foamy appearance in permanent sections and
contained much intracellular lipid in the sudan stains. Thus, phagocytosis
of lipid and lipogranuloma formation were not limited to subendothelial
arterial proliferations.
There was much lipid in the liver and spleen and in the kidney tubules
of the dogs fed cholesterol-in-oil, but no arterial lesions of note were present
in these organs, or in the aorta, or in the arteries of the extremities or
viscera, including the brain.
Cardiovascular lesions in allylasnine-treated anunals fed a
htigh-fat diet without added cholesterol
Arterial lesions following allylamine administration and the described
olive oil-meat diet did not differ in severity from those occurring after
allylamine and the cholesterol-rich diet. Nor did they differ markedly in the
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amount of stainable lipid deposited at the sites of the lesions. Certain lesions
in the oil-fed series contained as much lipid as individual lesions of the
cholesterol-in-oil series (Fig. 2). In the oil-fed dogs, the deposited lipid was
largely medial, in globular form, and was almost entirely extracellular. Little
lipid was found in subendothelial proliferations, and there was little lipo-
phagocytosis (Figs. 4 and 6). This was in sharp contrast to the findings in
the cholesterol-fed dogs, where massive phagocytosis of lipid resulted in
xanthomatous transformation of the endarteritic granulation tissue (Figs.
3 and 5). In older medial lesions of the oil-fed series the lipid droplets were
often widely and sparsely scattered, suggesting that the deposited lipid was
progressively disappearing from the sites. That this in fact does occur with
deposited chylomicron lipid, at sites of arterial injury in dogs, has been
reported previously.8
Blood lipids during the course of the experiment
At the beginning of the experiment control levels of serum lipids and
proteins for the oil-fed dogs and for the cholesterol-in-oil-fed dogs were
as follows: (average)
Total Free Fatty Lipid Total
cholesterol cholesterol acids phosphorus protein
mg.%0 mg.% mEql. mg.%.%
Oil-fed dogs 122.7 33.6 12.0 11.0 4.9
ranges (73.9-182.6) (20.0-50.0) (8.0-16.0) (8.4-12.9) (4.6-6.4)
Cholesterol-in-
oil-fed dogs 151.1 45.6 11.2 11.9 5.0
ranges (105.4-182.6) (21.0-77.6) (9.0-13.3) (8.6-14-9) (3.9-5.7)
No reason for the slightly higher average cholesterol values in the
experimental series was apparent.
After two to three weeks on the control or experimental diet, just before
allylamine administration, the averages of the serum lipids and proteins of
the two groups of animals were:
Total Free Fatty Lipid Total
cholesterol cholesterol acids phosphorus protein
mg.% mg.% inEq./l. mg.% g.%
Oil-fed dogs 151.7 41.6 17.1 14.1 5.3
ranges (127.0-199.2) (32.8-60.9) (12.0-26.0) (13.3-15.9) (4.9-5.7)
Cholesterol-in-
oil-fed dogs 316.8 91.8 16.9 14.8 5.3
ranges (252.0-460.6) (77.7-139.0) (13.3-20.6) (11.4-17.6) (4.7-6.0)
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Volume 35, August 1962FIG. 1. Dog 2123, cholesterol-iil-*oil-fed series. Coronary artery 17 days after
allylamine. The intima of the vessel is greatly thickened and containis numerous large,
(lark lipophages. The interinal elastic laminia appears as a refractile line. A small amounit
of sudanophilic material is scatteredl in the media of the artery. Sudan IV stain, x230.
FIG. 2. Dog 2093, oil-fed series. Coronary artery 12 days after allylamine. The dark-
staininlg material is lipid deposited largely in the media of the vessel. Sudan IV stain,
x230.J
IF'IG. 3. Dog 2067, cholesterol-in-oil-fed series. Coroniary artery 12 days after
allylamine. There is coinversion of the suhendothelial lesion to a foami-cell plaque.
H. anid E., x180.
FI(G. 4. Dog 2058, oil-fed series. Coronary artery 12 days after allylamine. The
proliferative subend(lothelial lesion associated vith allylanline administrationi is well
seen. There are tno foatmi cells. H. andl E., xllO.
AtFIG. 5. Dog 2067, cholesterol-in-oil-fed series. High magnification of coronary artery
12 days after allylamine. Foam-cellular subendothelial plaque. This lesion was found
consistenitly in the cholesterol-in-oil-fed animnals. H. and E., xl,000.
FIG. 6. Dog 2093, oil-fed series. High magnificatioin of segment of coronary artery 12
days after allylamine. There are no foam-cells in the subendothelial space. H. and E.,
xl,000.
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Two to four weeks after allylamine injections, and just before the animals
were sacrificed, the serum lipids of the two groups exhibited similar
divergence in values for cholesterol.
Total Free Fatty Lipid Total
cholesterol cholesterol acids phosphorus protein
mg.% mg.% mEq./l. mg.%
Oil-fed dogs 168.8 52.9 21.3 14.0 5.3
ranges (157.7-190.9) (46.2-63.0) (13.3-26.0) (12.0-16.0) (4.7-5.6)
Cholesterol-in-
oil-fed dogs 281.2 81.5 17.2 15.0 5.3
ranges (252.0-358.7) (66.3-92.4) (13.3-20.6) (13.6-17.2) (4.7-6.0)
All of the above serum samples were taken twenty-four hours after the
previous feeding and if not clear were centrifuged before analysis, removing
small numbers of microscopically visible chylomicrons. This was done in
order to allow accurate estimation of the molecularly dispersed fatty acids
and to make possible the studies to be described below on certain classes of
denaturable lipoproteins. In fourteen determinations on opalescent serum
samples from cholesterol-fed dogs, the chylomicrons removed contained an
average of 5.4 per cent of the total serum cholesterol. The twenty-four
hour serum samples of the olive-oil fed animals only rarely contained
chylomicrons.
During the period following allylamine administration a total of thirty
determinations of serum fatty acids were carried out on the uncentrifuged
sera of random-selected animals of each series, four hours after a previous
fatty meal. In the oil-fed group thirty determinations of post-prandial serum
fatty acids averaged 28.1 mEq./l., (range 16.0-49.6) and in the cholesterol-
fed dogs the average of thirty determinations was 25.9 mEq./l., (range
14.6-60.6).
It has been mentioned that there appeared regularly in the sera of the
cholesterol-fed dogs a lipid-rich material which was rendered insoluble by
drying the serum from the liquid state. A definite opalescence remained in
the sera of cholesterol-fed dogs after microscopically visible (X160, reduced
transmitted light) chylomicrons had been removed by centrifugation
(9500 x g., 10 min.). The material responsible for this opalescence was
completely removed by centrifuge runs of 35,000 x g. for 30 minutes, (at
the density of native serum), forming an opalescent or milky supernatant,
but with no microscopically visible particles. When a drop of opalescent
serum or of the concentrated supernatant was dried on a glass slide and
was reconstituted to volume with distilled water, denaturation of a lipid-
rich, protein-containing substance was consistently demonstrated. Identical
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drying and reconstitution of centrifuged, clear serum subnatants indicated
that except for traces the denaturable material had been removed.
Because of these preliminary observations a sample of chylomicron-free
serum from each animal of each series was dried in vacuo at 40 C. at the
beginning of the experiment, and again after the dogs had been on the diets
two to three weeks,-just before allylamine administration. After reconsti-
tution of the dried sera to volume with distilled water, and removal of
insoluble lipid-rich material by centrifugation, it was found that the initial
control sera of animals of both series had lost only traces of lipids through
the drying procedure. After feeding the high-fat diets, the percentages of
serum lipids and proteins in the cholesterol-in-oil series removed by drying
were: (averages)
Total Free Fatty Lipid Total
cholesterol cholesterol acids phosphorus protein
21.0% 23.2% 9.0% 11.5% 3.9%
ranges (14.4-23.5) (7.2-30.0) (8.0-10.4) (7.0-16.3) (2.2-5.0)
After two to three weeks on the diet, drying of the sera of the oil-fed
dogs resulted in only trace removal of lipid or of protein components except
in one animal, from whose serum five per cent of the total cholesterol was
removed by the procedure.
Analysis of four samples of the material rendered insoluble by drying the
sera of cholesterol-in-oil-fed dogs from the liquid state revealed lipids to
make up 64.0, 75.6, 58.6, and 42.5 per cent respectively of the dry weight,
the remainder being protein. Of these lipids, cholesterol averaged 30.6
per cent (ratio of ester to free, 3.5 to 1.0), fatty acids 63.3 per cent, and
lipid phosphorus 6.1 per cent. A sample analysis is given:
Wt., ppt.
Wt., dried Lipids after lipid
ppt. (by analysis) extraction Protein (N x 6.25)
41.0 mg. 29.4 mg. 10.0 mg. 9.8 mg.
(cholesterol 9.3 mg.,
fatty acids 16.6 mg.,
lipid P. 3.5 mg.)
DISCUSSION
There are at least three points of interest in connection with the described
experimental results. The first concerns the pathogenesis of fatty foam-
cellular arterial lesions in dogs on a cholesterol-rich diet. The lesions
occurring selectively at the sites of arterial injury were fully developed
within 4-7 weeks from the commencement of cholesterol feeding. Blood
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lipid values, including that of cholesterol, were elevated, but not to the
extreme levels that are often necessary9'0 in this species to yield similar
arterial changes. Classically, rabbits are thought of as the species developing
fatty arterial lesions in association with cholesterol feeding, but several
months offeeding is usually required in even this animal for the development
of well-established changes. It is suggested that local factors in the artery
wall, such as increased permeability to blood plasma or reactions of arterial
connective tissue to injury, are critical in any cholesterol-fed species for
the initiation of the arterial lesions observed. Blood lipid levels in man in the
United States are often in the range of those in cholesterol-fed animals.
The second point of interest has to do with the nature of the lipids
deposited at the sites of experimental arterial lesions. During the experi-
mental period following arterial injury, when lipid might be expected to be
deposited at sites of injury, serum postprandial fatty acid peaks were com-
parable in the cholesterol-in-oil and in the oil-fed animals. No large
difference in total lipid deposited at the arterial sites in either group was
observed histologically indicating that cholesterol-feeding was not essential
for the deposit of lipid in injured artery walls. However, the lesions of the
cholesterol-fed dogs went on to develop fatty granulomas whereas the lipid
in the lesions of the oil-fed group remained largely extracellular and elicited
little phagocytic cellular reaction. The suggestion was inescapable that the
types of lipid deposited in arteries of the two experimental groups were
different and elicited very different connective tissue responses.
The third point of interest is related to the second and is concerned with
the physical properties of the molecularly dispersed lipids in serum after
cholesterol feeding. A lipoprotein substance easily rendered insoluble by
drying from the liquid state appeared in the sera of the cholesterol-fed dogs.
Comparable quantities of this material did not accumulate in the blood of
the oil-fed group. It is believed that the denaturable substance corresponds
to certain low-density, light-scattering lipoproteins of classes originally
described by Gofmane as accumulating in the blood of cholesterol-fed
rabbits. Investigations in this laboratory utilizing the living cornea as an
experimental model have indicated that these lipoproteins of rabbit, dog,
or human origin elicit lipophage and fibroblastic reactions in the corneal
stroma without other stigmata of acute inflammation.' Other experiments'3"'
have indicated the in vitro complexing of serum lipoproteins with aortic
mucopolysaccharides or with gelatin. From these and the present observa-
tions, it is possible to suggest that in arteriosclerosis cholesterol-rich lipo-
protein complexes of the plasma may enter the vessel wall at sites of
increased permeability and there may be rendered insoluble by loss of wate'r
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from their solutions or by chemical interactions with connective tissue
components or by combinations of these physical and chemical phenomena.
Such insoluble lipid-protein particles alone or in combination with com-
ponents of the arterial connective tissue may elicit a fatty, granulomatous
response that is recognized as the early foam-cellular plaque of arterio-
sclerosis.
SUMMARY
Two groups of dogs were fed a short-term, high-fat diet. Cholesterol in
large amounts was added to the diet of one group. Blood lipid levels were
followed, and after two to four weeks of feeding the coronary arteries of
the animals of both groups were injured by the intravenous administration
of allylamine hydrochloride. Lipid feeding and blood lipid determinations
were continued for another two to three weeks, after which the animals
were sacrificed and their cardiovascular systems were examined. Lesions
of the coronary arteries were comparable in number and extent in the two
groups. Lipid accumulated equally in the arteries of both cholesterol-fed and
noncholesterol-fed dogs. In the cholesterol-fed dogs the arterial lesions
progressed to fatty, foam-cellular granulomas, whereas in the control
animals on a high-fat, low-cholesterol diet, such foam-cellular lesions did
not develop.
Levels of serum cholesterol were elevated in the cholesterol-fed series,
but only moderately so. During the experimental period fasting serum fatty
acid levels and post-prandial serum fatty acid peaks were comparable in
both groups. Of interest was the appearance in the blood of the cholesterol-
fed dogs, but not in that of the control animals, of a lipoprotein complex
rendered insoluble by drying. There is a brief discussion of the relation of
these results to the pathogenesis of arteriosclerosis.
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